W hat do you do with an old satellite communications dish? This is not an idle question: as optical-fibre technology takes over, big satellite dishes worldwide are being demolished or simply left to rust quietly away. But there is another option and it is one with the potential to benefit both society and science. With relatively modest modifications, these large dishes can be used to support space missions, carry out single-dish radio astronomy and boost existing radio-astronomy interferometer arrays, objectives that bring with them employment and training opportunities plus the potential to develop space industries. Feder (2011) has documented this process in countries such as Ghana and Peru, where the retrofitted dishes are a focus for science education, training and employment. With the redevelopment of Goonhilly the UK is taking a lead in this area by combining the redevelopment of old dishes for radio astronomy with space science applications as well. Goonhilly (figure 1) was built as a communications hub, but is set to be rejuvenated as Goonhilly Space Science Park. In December 2011, the project received £6.85m of government money from the Regional Growth Fund of the Department of Business, Innovation and Skills, in order to start this transformation and boost industry and jobs in the southwest.
Goonhilly
Goonhilly holds a unique place in satellite telecommunications history. On 11 July 1962 Goonhilly received the first live transatlantic tele vision broadcast from the USA via the Telstar satellite. Five days later the first transatlantic telephone call over a satellite was made from the UK public network via Goonhilly. It was also the place where the first colour pictures were transmitted from the UK to the USA. The three large (~30 m) parabolic antennas there have not been used since 2008; smaller dishes and cables have taken over their role. One dish has already been demolished and a similar fate awaited the other redundant dishes. Now a company formed for the purpose, Goonhilly Earth Station Ltd (GES), together with the Consortium of Universities for Goonhilly Astronomy (see "CUGA: Come and join us" on page 1.21), have stepped in to save the dishes from demolition and recycle them for new uses. The development includes refurbishing and modifying the dishes to be suitable for radio astronomy and tracking space missions -giving the UK a capability in this area of wide public interest -and establishing a centre for knowledge transfer and training with a view to boosting employment in the space industries and the development of a visitor centre to engage the considerable public interest in space and astronomy. There are also plans to link the refurbished dishes to the e-MERLIN radio interferometery network, effectively doubling its spatial resolution and adding considerably to its capabilities to observe equatorial fields. Goonhilly would add value to e-MERLIN by increasing its overlap with ESO facilities in Chile and ALMA (the Atacama Large Milli metre Array) in particular. Links to the European Very Long Baseline Inter ferometry Network (EVN) are also within reach. Adding a dish at Goonhilly to e-MERLIN would also considerably enhance its potential as a pathfinder instrument for the Square Kilometre Array (SKA).
It was the space industry that provided the commercial motivation for GES Ltd to step in and stop the demolition of the Goonhilly dishes planned by former owners BT. This industry is worth an estimated £7.5bn in the UK and, with growth forecasts of 5-7% per annum to 2020, it is a key area for the UK economy. The investment by GES Ltd offers the potential to develop new areas of expertise in the UK in tracking space missions. In January 2012 the company won a contract for Earth station services including tracking and telecommand and uplinking, from satellite operator SES. This contract is an endorsement of the technical capabilities at Goonhilly, but will also allow GES Ltd to expand its satellite and network support operations.
At the same time, the project will offer an environment in which academia and industry can interact to their mutual benefit, and a centre for training the skilled workforce that the UK needs. Although much of the projected employment will involve people with degrees in physical sciences subjects, there will also be significant opportunities for technical posts and apprenticeships, in a range of roles that will enhance skills. The combination of a highlevel technical workforce with a visitor centre to engage the public is rare in a regional location such as Cornwall, and offers a real boost to the prospects and horizons of local people.
The significance of this site was recognized in December 2011 with a government grant of £6.85m intended to boost employment and encourage private investment. This injection of funds will be used to refurbish the antennas, create an open innovation centre, a continuing professional development and training centre, and to redevelop the existing (currently closed) visitor centre into a showcase visitor and education centre to engage with the public. The visitor centre will emphasize the importance of the site as a live and active strategic space communications centre for the UK. Work on 
Arthur and Guinevere
In addition to the investment from GES Ltd and the government, CUGA is investing around £500 000 in the Goonhilly project to develop the radio astronomy potential of the site. CUGA members are currently the universities of Leeds, Oxford and Hertfordshire, in association with the University of Manchester. Satellite communication dishes are not exactly the same as antennas designed for radio astronomy, but can be retrofitted relatively cheaply. For example, a 32 m dish in Peru is being converted to a single-frequency telescope to detect methanol masers, offering students a chance to participate in research otherwise unavailable to them. The conversion is costing around $100 000, compared to the $20m cost of building a new 30 m instrument (Feder 2011 ).
There are three 30 m class dishes at Goonhilly. The largest, Goonhilly-6 (32 m, known as Merlin), will be used by GES for deep-space communications; Goonhilly-3 (29.6 m, Guinevere) and Goonhilly-1 (25.9 m, Arthur) will be retrofitted to be suitable for radio astronomy. The investment by the universities in the CUGA consortium will be used to kit out Goonhilly-1 with receivers that work at L-band (~1.4 GHz) and Goonhilly-3 with a C-band (4-8 GHz) receiver. Goonhilly-3 is intended to be flexible enough for dual use for both satellite communications and radio astronomy.
Single-dish science
The antennas at Goonhilly have potential for stand-alone study in niche fields of astronomy that are impractical for facility-class instruments such as the EVN and e-MERLIN. These projects mostly involve using large amounts of telescope time for long-term monitoring projects -projects that also provide excellent hands-on training for undergraduate and postgraduate students. One example is the monitoring of the methanol maser emission at 6.7 GHz from massive star-forming regions in our galaxy. About a thousand such sources are now known in the galactic plane from the Methanol Multi-Beam Survey (Green et al. 2010) . Monitoring of southern hemisphere sources has shown that some of these sources exhibit periodic flaring on timescales of months (Goedhart et al. 2004) . This is now thought to be due to colliding winds in eccentric young binaries where at periastron the free-free emission is enhanced and then amplified by the foreground maser (van der Walt 2011). An extensive monitoring programme in the northern hemisphere has the potential to reveal the frequency and characteristics of massive, close binary systems in the process of forming. Such insights into massive close binary formation cannot be gained any other way at present.
The large amounts of time available on the Goonhilly dishes would also allow searches for rare radio events. As an example, extreme scattering events (ESEs) are flux variations in radio sources ascribed to refraction of the signal as it passes through localized (<1 AU across) highpressure regions in the interstellar medium, which may be fast-moving cold molecular clouds (Walker 2007). ESEs were documented with the Green Bank interferometer at frequencies greater than 2.7 GHz. They will be among the topics of the VAST (Variable and Slow Transients) programme using the Australian Square Kilometre Array Pathfinder project, which works efficiently at up to 1.5 GHz. Goonhilly could bridge the gap between these two explorations, not only by discovering such events at 5 GHz, but also by further study at lower frequencies. Karastergiou and Walker (2011) model two configurations of existing Goonhilly antennas useful for searching for ESEs. Using just one 30 m Goonhilly dish with a 5 GHz receiver, or a pair of 15 m dishes operating as an interferometer from 4-8 GHz bands simultaneously, they estimate that daily, year-round monitoring of 2000 sources could produce around six ESEs, a significant increase over the two known at present. More importantly, the Goonhilly antennas would allow characterization of these events, which last around two months each, in real time.
Enhancing e-MERLIN
The Goonhilly dishes also have the potential to enhance existing radio telescope arrays, specifically e-MERLIN. Adding one Goonhilly antenna would double the spatial resolution and improve e-MERLIN's view further south, to overlap with ALMA and gain better overlap with the European VLBI network. These changes also enhance the potential of e-MER-LIN as a pathfinder for the Square Kilometre Array. Although the investment secured to date does not include the costs of a fibre connection from Goonhilly to the e-MERLIN correlator at Jodrell Bank, CUGA is investigating innovative ways of providing the link needed.
Goonhilly's location (latitude 50.0504°N, longitude 5.1835°W) at once improves the baselines available for e-MERLIN, from a current maximum of 217 km to 440 km (figure 2). The angular resolution in the L-band would go from 170 milliarcseconds to 82 mas, and to 17 mas in the C-band. More importantly, Goonhilly's southerly location also means that the enhanced e-MERLIN would have a north-south baseline that would allow it to observe equatorial objects much better than it can at present (Heywood et al. 2011) . This then opens up the possibility of joint high-resolution studies with ESO facilities in Chile. In particular, this would allow e-MERLIN studies of ionized gas at the same high resolution that ALMA uses to pick out molecular gas in star-forming regions, in our Hoare, rawlings: Goonhilly galaxy and in high-redshift galaxies. The resolution and sensitivity at cm wavelengths offered by e-MERLIN in the C-band makes it an effective probe of the ionized jets and winds that produce feedback during the massive star formation process (e.g. Hoare 2006) . Adding Goonhilly would mean that the array would be able to observe a common sample of objects with ALMA in the equatorial regions of the galaxy where most massive star formation takes place (figure 3). Such a combined dataset would go a long way towards developing an understanding of when magnetic (jet-like) and radiative (disc wind) forces dominate during the formation process and for which mass ranges.
The enhanced e-MERLIN would have a resolution comparable to the Hubble Space Telescope, even at L-band frequencies, so that gravitationally lensed radio sources could be studied (e.g. Negrello et al. 2010 , Deane et al. 2010 . This opens up the possibility of also studying the dark matter and dark energy along the line of sight to these objects.
Molecular gas discs at high redshifts (z ~ 4) are another topic where an overlap of e-MERLIN with ALMA will combine to give a more powerful picture of galaxy formation. While ALMA can reveal the hottest molecular material, it cannot, in the young universe, observe the coolest material that dominates the total gas mass. This is what e-MERLIN with Goonhilly would add (Heywood et al. 2011) . Simulations show resolution of a gas disc at z > 4, with good enough spatial and spectral resolution of the lowest CO transition to give rotation curves.
The e-MERLIN array has baseline lengths intermediate between those of the Very Large Array in New Mexico and VLBI networks such as the EVN and the VLBA. The longest baseline in e-MERLIN is currently 217 km and the EVN has a minimum baseline of 270 km. Combined e-MERLIN and EVN now allows e-MERLIN to be used to resolve larger-scale structures, but adding Goonhilly would introduce baseline overlaps, as well as boosting the western reach of the EVN (Klöckner et al. 2011) . The addition of a Goonhilly antenna would be particularly useful for examining the nuclear composition of extragalactic sources. While the two networks provide complementary datasets, some radio emission is missed in the region between the baselines of the two systems. This is currently overcome by simultaneously correlating data from the Lovell and/or MKII telescopes at Jodrell Bank and the Cambridge telescope in both e-MERLIN and EVN. The addition of Goonhilly signficantly improves the overlap and enhances both facilities.
Adding a Goonhilly antenna will also bring the e-MERLIN baselines into the 400 km range in which there is little observational data, but which will be important for the SKA. Deep observations with such an enhanced e-MER-LIN array will pave the way towards several SKA Key Science Projects (Carilli and Rawlings 2004) . It will also begin the broadening of the user community expected as radio interferometer arrays become more widely used in areas such as geodesy and spacecraft tracking.
Looking to the future
The transformation of Goonhilly Earth Station has now begun (figure 4). The iconic dishes on the wind-swept Cornish downs have been saved from demolition and will soon be tracking both satellites and astronomical targets. New generations of students will gain their first hands-on experience of using large radio dishes to explore the heavens. Local entrepreneurs will have the chance to use the innovation centre to start up new ventures utilizing the on-site expertise available in space and radio technology sectors. Tens of thousands of summer visitors will now have the chance to be inspired by the wonders of space at the state-of-the-art visitor centre and interact with astronomers at outreach events.
